This work reports the performance of a dispersion compensating coaxial ber as a function of its geometric parameters. Our analysis is carried out by solving the wave equation under the linearly polarized approximation, which leads to transcendental equations that provide the e ective index of refraction. The highest e ciency at a xed wavelength is achieved for a suitably chosen geometry and this choice is an important factor to determine the general shape of the wavelength-dependent dispersion curve.
I. Introduction
The development of Erbium-doped ber ampli ers with gain at 1.55 m suggests the need of upgrading the existing 1.31 m optical ber links for operation in that wavelength. This will bring the advantage of using unrepeted long-haul systems. However, transmission of high data rates over long distances using the already installed single mode bers SMF requires the use of techniques to compensate the pulse spreading caused by positive c hromatic dispersion. In order to accomplish this goal, many researchers have directed their attention to the use of dispersion compensating bers DCF 1-4 . Peschel et al. 3 have recently shown that the supermodes of two dissimilar coupled planar waveguides may exhibit dispersion compensation and discussed the trade-o between group velocity dispersion GVD and bandwidth. Their theoretical analysis was carried out with the coupled wave guides model, where the modes in each isolated sub-structure are coupled through a coupling constant . Based on the idea of dissimilar waveguides, Thyagarajan et al. 4 extended this concept to a cylindrical geometry by performing a theoretical analysis of a highly asymmetric four-layer ber, whose refractive index pro le is schematically shown in Fig. 1 . It has four distinct regions: rod 0 r a , gap a r b , barrier b r c and clad r c , and can be thought as composed of two sub-structures, namely rod 5 and tube 6 , as indicated in the gure. Their analysis, carried out with a numerical technique proposed by Sharma et al. 7 , indicates the possibility of large negative dispersion coe cients, D, with values as high as 5100 ps nm.km. The coupled mode theory used by P eschel et al. 3 was rst studied by Boucouvalas 8 to describe four-layer coaxial bers. The supermodes HE 11 and HE 12 of this kind of bers are well described as combinations of HE 11 modes of the two isolated sub-structures. More recently, Nunes et al. 9 presented a detailed theoretical study of di erent coaxial bers, where the structure presented in Fig.1 is a particular case of them. In that work, the wave equation of the bers were solved under the linearly polarized LP approximation 10 , leading to transcendental equations from which the propagation constant, , can be calculated. In this way, the e ective index of refraction , nn = =k, where k = 2 = and is the wavelength, is obtained as well as universal dispersion curves for any ber mode. The present w ork employs the theoretical framework developed in ref. 9 to determine the dispersion coe cient of coaxial bers, by performing a numerical calculation of the second order derivative o f n. Therefore, the procedure adopted here is di erent from that using coupled modes 3 , and also from the numerical approach developed in ref. 7 . The emphasis in this work is placed on the dependence of the dispersion coe cient on the geometrical parameters, namely, the rod radius, a, the outer gap radius, b, and the outer barrier radius, c. When they change, the depth and bandwidth of the wavelength-dependent dispersion coe cient can change signi cantly. There is a trade-o between the group velocity dispersion and bandwidth 3 , and then it becomes important to determine the shape of the wavelength-dependent dispersion coe cient for di erent design situations.
II. Fiber design and theoretical framework
As mentioned in the previous section, the dispersion coe cient is calculated through the second derivative of the e ective refractive index curve. These curves are obtained with the LP approximation for the coaxial ber that has the pro le shown in Fig. 1 , and the resulting transcendental equations are those presented for the W1 structure with n 2 = n 4 in ref. 9 . The values of the refractive indices n 1 and n 2 are calculated by adding to the lower refractive index value, n 3 , the same steps employed in ref. 4 
III. Numerical results and discussions
Our results show that the dispersion enhancement occurs at the wavelength where the indices of the supermodes HE 11 and HE 12 approach each other, as shown in Fig. 2 for a coaxial ber with a = 1 m , b = 1 5 m and c = 2 2 m. This is associated to the strong coupling between the two individual modes of the isolated sub-structures, rod and tube, which at that wavelength are phase matched 3,4 . According to eq. 2, the supermode HE 11 will result in a negative dispersion, as required for compensation, while the mode HE 12 will present a positive dispersion. When any geometric parameter changes, the wavelength where the phase matching occurs also changes, in addition to the shape of the dispersion curve. We rst discuss the in uence of the rod radius and of the outer gap radius in the dispersion curve, for a given value of the outer barrier radius. With the theoretical approach described previously 9 , we found to be possible to obtain pairs of geometric parameters a; b such that the dispersion occurs at the same wavelength, but the shape of the dispersion curve will depend on these parameters. This a ects the desired compensation and constitutes the interest of the present w ork. The results indicate that any increase in the value of the rod radius can be compensated with a smaller value of the external gap region, as a way t o produce the group velocity dispersion at the same wavelength. However, the behavior of the dispersion curve is much more sensitive t o a than to b, meaning that a small variation in a requires a much larger change in b, as can be seen in Fig. 3 . We h a ve also calculated wavelength-dependent dispersion curves for those pairs a; b shown as solid circles in Fig. 3 and the results are presented in Fig. 4 Next, we also consider the variation of the radius c, but in this case we restrict the discussion to =1.55 m. For each v alue of c we e v aluate those pairs a; b that will produce a dispersion curve whose maximum e ciency is located at 1.55 m. This procedure results in the family of curves shown in Fig. 5 . The height of the dispersion dip at 1.55 m c hanges as we move along each of these curves, but we found that the highest dispersion always occurs for a =1.02 m i f c is greater than 22 m. This is schematically shown as the nearly vertical line in the gure. On the other hand, if we m o ve u p wards along this line, the value of the dispersion maximum increases steadily, reaching values as high as 10 5 for c = 3 1 m. However, these huge guresof-merit are unfounded because the exact same property that gives high dispersions also gives high bend sensitivity and thus implies in the use of large diameter spools, which is completely impractical. The bend loss arises because barriers with large radius force a signicant amount of energy to travel close to the edge of the ber. A throughout study is necessary in order to nd the optimum value of c that gives a high dispersion and does not produce a signi cant bend loss. Another point to be considered is the spatial eld distribution of the supermodes HE 11 and HE 12 . They have modal pro les with a central peak, which are quite similar for both modes and two lateral peaks, also similar in pro le but with opposite signals. As already discussed by Boucouvalas 8 , these two supermodes are able to describe the fundamental modes of rod bers as well of tube bers, by either adding or subtracting them. When the modes HE 11 and HE 12 are added, the lateral peaks cancel and the nal result is a Gaussianlike distribution as is the case of the fundamental mode of a rod ber. By taking their di erence, the central peaks will be canceled while the lateral peaks will be added, resulting in the pro le of the fundamental mode of a tube 8 . Accordingly, it is possible to devise a way to excite the fundamental mode of the coaxial ber from the fundamental mode of a standard SMF with a taper made with a coaxial ber. When the SMF fundamental mode is launched into the taper, will be decoupled in two or more modes, in response to the lack of longitudinal invariance. In the case of an adiabatic taper, only the modes HE 11 and HE 12 will be excited, but just a small power less then 10 will be located in the HE 12 mode and the remaining will be transported by the HE 11 mode 12 . Therefore, there will a dispersion compensation for most of the signal propagating in the coaxial ber. Since the mode HE 12 has a positive dispersion it will be spreaded giving rise to a negligibly small pedestal. When the light reaches the end of the coaxial ber, another taper of appropriate length, will cause the opposite e ect regenerating the fundamental mode of the SMF rod ber.
IV. Conclusions
We h a ve analyzed the performance of a dispersion compensating coaxial ber as a function of two of its geometric parameters, the rod radius and the outer gap radius. We found pairs a; b that provide the highest e ciency at a xed wavelength and studied how the choice of these pairs a ect the general shape of the wavelength-dependent dispersion curve. Our analysis was carried out by taking the second derivative o f t h e e ective index of refraction obtained from transcendental equations arising when the wave equation is solved under the linearly polarized approximation. The results were found to be in agreement with those of Thyagarajan et al. 4 . The modal eld distribution for HE 11 and HE 12 were calculated, although not presented here, and the mechanism of excitation of the coaxial ber fundamental mode from the fundamental mode of a rod SMF with a taper was discussed.
